The opening of Southern Ocean gateways was critical to the formation of the Antarctic Circumpolar Current and may have led to Cenozoic global cooling and Antarctic glaciation. Drake Passage was probably the final barrier to deep circumpolar ocean currents, but the timing of opening is unclear, because the Shackleton Fracture Zone could have blocked the gateway until the early Miocene. Geophysical and geochemical evidence presented here suggests that the Shackleton Fracture Zone is an oceanic transverse ridge, formed by uplift related to compression across the fracture zone since ca. 8 Ma. Hence, there was formerly (i.e., in the Miocene) no barrier to deep circulation through Drake Passage, and a deepwater connection between the Pacific and Atlantic Oceans was probably established soon after spreading began in Drake Passage during the early Oligocene.
INTRODUCTION
The opening of Drake Passage between South America and Antarctica ( Fig. 1 ) has generally been regarded as a critical step leading to global cooling and Antarctic glaciation by removing the final barrier to deep circumpolar ocean circulation (Barker, 2001) . The consequent development of the Polar Front and onset of the Antarctic Circumpolar Current led to the thermal isolation of Antarctica (Kennett et al., 1975; Kennett, 1977) .
There is currently a debate concerning the relative importance of Southern Ocean gateways (e.g., Exon et al., 2002) , declining CO 2 (e.g., DeConto and Pollard, 2003) , and closure of low-latitude gateways (e.g., Lawver and Gahagan, 1998) for Cenozoic climate evolution and, in particular, the abrupt Eocene-Oligocene cooling/glaciation event (Zachos et al., 2001) . Numerical studies using global general circulation models have attempted to evaluate the world-climate implications of the first shallow-and deep-water connections through the Drake Passage gateway, with disparate results (e.g., Mikolajewicz et al., 1993; Nong et al., 2000; DeConto and Pollard, 2003; Sijp and England, 2004) . DeConto and Pollard (2003) suggested, on the basis of coupled climate-ice-sheet simulations, that CO 2 decline was the prime cause of abrupt Eocene-Oligocene (ca. 33 Ma) cooling and that opening of Southern Ocean gateways played only a minor role. Sijp and England (2004) , using a coupled ocean-atmosphere model of intermediate complexity, concluded that opening to shallow depths was sufficient to bring about Southern Hemisphere cooling and a significant increase in Antarctic sea ice, but North Atlantic thermohaline circulation and Northern Hemisphere warming occurred only when Drake Passage opened to full ocean depths.
In the much-cited model for Drake Passage opening of Barker and Burrell (1977) , seafloor spreading was initiated at some time prior to magnetic chron C8 (26 Ma), and perhaps prior to C10 (29 Ma), as indicated by the oldest identified magnetic anomalies, but deep-water flow was inhibited by continental slivers along the Shackleton Fracture Zone (Fig. 1) , which overlapped each other until ca. 23.5 Ma, i.e., well after the Eocene-Oligocene cooling event. If correct, this scenario would favor the interpretation of DeConto and Pollard (2003) , implying that global cooling occurred before the development of a deep connection at Drake Passage.
Although the implications for global climate are profound, the ''overlapping continental slivers'' hypothesis has never been fully tested. However, there are geophysical and geochemical data that permit us to reexamine the question of whether these slivers, in particular the ridge parallel to the southeast section of the Shackleton Fracture Zone, are continental in nature.
SHACKLETON TRANSVERSE RIDGE
It is important to note that the Shackleton Fracture Zone is not the product of tectonics at a simple ridge-transform-ridge offset. In fact, the entire length has always been tectonically active during its evolution as a boundary between plates in the Scotia Sea and southeast Pacific Ocean since the Eocene. Prior to extinction of the West Scotia Ridge ca. 6.5 Ma , it separated the two plates formed at the fast-intermediate-spreading Phoenix Ridge Eagles, 2003) in the southwest (Fig. 1 ) from the two plates created at the intermediate-slow-spreading West Scotia Ridge (Livermore et al., 1994) to the northeast. Since extinction of the Phoenix Ridge ca. 3.3 Ma Eagles, 2003) , the Shackleton Fracture Zone has formed part of the Antarctic-Scotia plate boundary.
In its southeastern section, the fracture zone is flanked by a narrow (ϳ15 km), steep-sided feature that we refer to as the Shackleton transverse ridge. This ridge has been mapped in detail (Fig. 2) as part of a continuing effort by the British Antarctic Survey and the University of Granada, using multibeam echo sounders fitted to RRS James Clark Ross and BIO Hesperides. These data show that the transverse ridge is a continuous feature between 61Њ40ЈW and 56Њ40ЈW, being widest (ϳ20 km) between 60Њ20ЈW and 58Њ0ЈW. The elevation of the ridge tends to increase toward the southeast and is highest near 60Њ10ЈS, 57Њ40ЈW, where it shoals to ϳ750 m, whereas oceanic crust on either side of the ridge increases in age, and therefore deepens, toward the Antarctic margin.
It is clear from Figure 2 that the transverse ridge is separated from the Antarctic continental margin at its southeastern end by a deep gap (depth Ͼ 3000 m; see also Klepeis and Lawver, 1996) and appears to be structurally distinct. This circumstance argues against an interpretation in which the ridge is assumed to be an extension of the Antarctic continental margin (Barker and Burrell, 1977) . The northwestern termination of the transverse ridge is ϳ25 km from the intersection between the Shackleton Fracture Zone and the axis of the now-inactive West Scotia Ridge. Within this zone, the West Scotia Ridge seems to have propagated southwestward into the fracture zone prior to extinction (Fig. 2) . The abandoned ridge axis is marked by a topographic high flanked by shallow crust with a well-developed abyssal-hill fabric, suggesting enhanced volcanism immediately prior to extinction. This topography contrasts with the deep median valley found elsewhere along the West Scotia Ridge axis.
In the new bathymetric data, a narrow cleft is observed that extends parallel to the axis of the transverse ridge on its northeastern flank (Fig. 2) , from ϳ58ЊW to 60Њ20ЈW, and probably marks the surface expression of recent strike-slip motion. The few earthquakes recorded from the vicinity have focal mechanisms indicating sinistral strike-slip faulting, subparallel to this cleft, although it may be seen by comparison with Antarctica-Scotia vectors from relative-motion model TLP2003 (Thomas et al., 2003; Fig. 2 ) that a small compressional component must also be accommodated. Earthquake and topographic evidence strongly suggests that the Antarctic-Scotia plate boundary crosses to the southwest side of the fracture zone west of 61Њ10ЈW. A short segment linking the two would create a releasing bend, explaining the presence of the deep basin (shaded in Fig. 2A ) at the northwest end of the transverse ridge as a pull-apart feature.
BASALT GEOCHEMISTRY
Two dredge hauls, DR62 and DR63, were collected near the shallowest part of the Shackleton transverse ridge (Fig. 1 ) in water depths of 1760 m and 2920 m, respectively, and recovered mainly basaltic material. Analyses of trace elements by inductively coupled plasmamass spectrometry (Pearce et al., 2001) show that samples from these dredge hauls have enriched mid-oceanic-ridge basalt (E-MORB) compositions (Fig. 3) , with elevated concentrations of large ion lithophile elements and light rare earth elements relative to normal (N) MORB. Two samples are particularly enriched, whereas the other two are very similar to compositions of samples dredged from the Phoenix Ridge (DR3) to the southwest, and from the West Scotia Ridge (DR7) to the northeast. The higher degree of enrichment may be a result of the cooling effect of the fracture zone, producing a lower degree of melting on the adjacent segment end. E-MORBs are also found at the Romanche (Bonatti et al., 1994) Fracture Zones, both with large age offsets and transverse ridges. Hence these basalts are consistent with a purely oceanic origin of the Shackleton transverse ridge, which must therefore represent either abnormally thick or uplifted ocean lithosphere.
SEISMIC REFLECTION PROFILES
Marine seismic reflection profiles have been acquired across the Shackleton transverse ridge (Klepeis and Lawver, 1996; Kim et al., 1997; Maldonado et al., 2000) , most of which show a very slightly asymmetrical, flat-sided feature, free of sediments and lacking internal reflections. These characteristics are typical of oceanic transverse ridges. Representative seismic reflection profiles across the Shackleton (Kim et al., 1997) and Vema (Bonatti et al., 2003) transverse ridges, plotted with the same horizontal scale and vertical exaggeration, are shown in Figure 4 .
The Vema transverse ridge has probably been elevated since 6.6 Ma, following a small change in the South America-Africa pole of rotation (Kastens et al., 1998) , and provides a remarkable section through oceanic lithosphere (Bonatti et al., 2003) . The similarity between the seismic character of this undoubtedly oceanic feature and that of the Shackleton transverse ridge is striking. Furthermore, modeling of gravity anomalies over the two ridges produced very similar results (Kim et al., 1997; Prince and Forsyth, 1988) , indicating slight crustal thinning beneath the axes of the transverse ridges. Although smaller than the Shackleton transverse ridge, the well-studied Clipperton Fracture Zone ridge also shows many of the same features (Pockalny, 1997), and, like the Shackleton Fracture Zone, the active trace is marked by a narrow cleft. In this case, uplift of the transverse ridge can be related to changes in motion between the Pacific and Cocos plates since 2.5 Ma.
DISCUSSION
Continental slivers are known from various plate tectonic settings, including the small fragments rifted during Gondwana breakup (e.g., Smith, 1999) and exotic terranes such as those transported along the North American margin by interaction with the Pacific plate (e.g., Coney et al., 1980) . However, none of these resembles the Shackleton transverse ridge, either in their morphology or their geometry with respect to plate boundaries. Although continental material may be incorporated into fracture zones (e.g., Gasperini et al., 2001) , transverse ridges are formed by uplift of oceanic lithosphere in response to plate interactions at fracture zones and are not primary features. Proposed uplift mechanisms (Bonatti, 1978; Kastens et al., 1998) include mantle hydration, excess volcanism, and compressive stress. Studies of transverse ridges in the Atlantic Ocean (Bonatti et al., 1994 (Bonatti et al., , 2003 Kastens et al., 1998; Prince and Forsyth, 1988) and Pacific Ocean (Pockalny et al., 1997; Deschamps et al., 1998 ) all favor a model involving uplift of the plate edge resulting from small changes in the Euler pole of relative motion between the flanking plates. Although the precise mechanism is unclear, and probably varies between the different classes of fracture zone ridge, such a model implies that transverse ridges are uplifted as a unit over a period perhaps as short as a few million years (Kastens et al., 1998) .
Applying these findings to the Shackleton transverse ridge, we suggest that uplift probably occurred as a result of transpression between the adjacent Phoenix (Fig. 1) and Scotia plates at the fracture zone. The most likely time for uplift was during a period of regional Scotia Sea compression after 17 Ma (Eagles, 2000) , which eventually led to the extinction of the West Scotia Ridge ca. 6.5 Ma and was followed by extinction of the Phoenix Ridge at 3.3 Ma . Evidence of late-stage compression in the west Scotia Sea has been presented previously and includes thrusting and crustal thickening (FloresMárquez et al., 2003) observed on the southeast flank of the West Scotia Ridge. This compression probably resulted from a small change in the pole of rotation that led to the clockwise realignment of the West Scotia Ridge axis (Fig. 2) , which became oblique to the older fabric after ca. 8 Ma, judging by magnetic anomalies on the ridge flanks.
In the case of a typical right-stepping ridge-transform-ridge offset, a clockwise rotation of the spreading vector would cause extension on the active transform and no differential motion on the fracture-zone extensions. However, in the unusual situation at the Shackleton Fracture Zone, in which inactive fracture zone extensions were absent, clockwise rotation of the West Scotia Ridge spreading vector, independent of Phoenix Ridge spreading to the southwest, would have led to transpression along the fracture zone southeast of its intersection with the West Scotia Ridge. The continuing, albeit slow, convergence between the Antarctic and Scotia plates (Fig. 2) , following Phoenix Ridge extinction, may mean that uplift is continuing today.
This interpretation implies that Antarctic Circumpolar Current flow is much more constricted at Drake Passage today than during the Miocene, prior to uplift of the transverse ridge. Moreover, any barrier to circumpolar flow at this pinch point would have disappeared soon after seafloor spreading commenced at the West Scotia Ridge. This event is not precisely dated, but must have been earlier than 29 Ma, the age of the earliest identified magnetic anomalies, and certainly much earlier than the 23.5 Ma date of Barker and Burrell (1977) . Hence, thermal isolation of Antarctica by the development of the Antarctic Convergence and onset of the Antarctic Circumpolar Current remains a prime candidate for the underlying mechanism driving global changes in circulation and climate at the Eocene-Oligocene boundary.
